








8.2 Jet rates

HI (1993g) studied the jet multiplicity in NC scattering as a function of the jet
resolution with the/oal to nle~sure as' The ev~nt sample consisted of 769 (47)
events with 12 < Q < 80 GeV (Q2 > 100 GeV ) obtained from a luminosity of
22.5 nb-1. Jets were selected with the JADE algorithm (JADE 1986). Two jets
were considered to be resolved if their scaled invariant mass satisfied the
condition:

_21W2 (8 1)
Ylj - Il'ljJ > Ycut .

Here ffiij2 = 2 E, E j (1 - cos 6Ij ) , E
"

E j are the jet energies and 61J is the angle
between them. Events with N jets in addition to a jet from the proton remnant
(spectator jet) were classified as (N + 1) jet events. The lowest order
configuration (QPM) with a current quark and a proton remnant in the final
state is expected to produce preferentially (1 + 1) events; the first order QCD
processes should yield predominantly (2 + 1) events. The fraction of (2 + 1) to (1
+ 1) events should therefore be sensitive to the value of Os.

Figure 79 shows the fractional jet rates for the (1 + 1), (2 + 1) and (2. 3 + 1)
configurations as a function of Ycut for the low and high Q2 samples. The data
are uncorrected for acceptance and other detector effects. Note, that the data
points are highly correlated since the same event sample is used for each value
of Ycut.
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Fig. 79 Fraction of N + I jets ~~ + 1) versus the cut variable of the jet
algorithm for 12 < Q < 80 GeV2 (a, c) and Q2 > 100 GeV 2 (b, d),
compared with simulations of ME + PS at the detector level and at
the parton level, and in c, d) to predictions from QCD based models
ME + PS, CDM, PS(W·Q) and HERWIG (HI 1993g)
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For the test of QeD and the extraction of Cis the optimum value of Ycut is one
where, firstly, the leading (LO) and all higher order QeD processes and,
secondly, the transition from the parton to the hadron level give practically the
same (2+ 1) fraction. Thirdly, the (2+ 1) fraction should not be too sensitive to
detector smearing effects. The curves in fig. 79 show the predictions of various
QeD models which were introduced above and which include hadronization
and detector smearing; calculation of the hard scattering part is done in LO
only. For the ME + PS model the differences between the predictions at the
parton and hadron levels become small near Ycut :::: 0.02 (fig. 79a,c). Detector
smearing has a 10 - 15% effect on the (2 + 1) fraction near this Ycut value. Of the
various models studied ME + PS describes the data best (figs. 79 b.d).

The Q2 dependence of the (2 + 1) fraction measured for Ycut = 0.02 is compared
in fig. 80 with the predictions a) of ME + PS for a fixed Us = 0.25, and with a
running Us (with A = 200 MeV) for ME alone (b) and for ME + PS (c). The
expected Q2 behavior of as for a) and b) or c) is different. Because of the Q:l
dependence of as, the matrix element for jet production decreases with
increasing Q z This decrease is not manifest directly in R2 + 1 because of the
increase in phase space for jet production at larger Q2 with the selection cuts
applied. With higher statistics and good control of systematic effects from the
detector and theory a test for a running Cis and a measurement of A may be
feasible.

0.4
.,

HI! data " "
- KEPS

0.3 - - NEPS a.=O.25
,

".

T --- ME "... "'t: ......-.---
0.2

0.1

0.0
102 10310 1

Q2 (Gey2)

Fig. 80 (2 + 1) jet fra~tion R2 + 1 atz cut = 0.02 versus Q2, corrected for detector
effects for W > 5000 GeV and y < 0.5, in comparison with the ME +
PS model with a running as and a constant as =0.25, and also with
the matrix elements with no showers (ME) (HI 1993g)

ZEUS (1993k) performed a similar study. The jet rates, corrected for detector
effects and initial state QED radiation are shown in fig. 81. The correction
factor proceeding from the detector level to the produced hadronic final state
varies with Ycut between 5 and 20%. The difference between the hadron and the
parton levels is below 10% for most of the region. ME + PS provides a good
description for the (0, 1 + 1) and (2 + 1) rates. The conlcusion on the prospects
for measuring as are the same as before.
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Fig. 81 Fraction ofN + 1 jets (~+ 1), corrected for detector effects and initial
state radiation, versus the cut variable of the jet algorithm for x <
10-3 and Q2 > 10 GeV 2. Predictions from QeD based models ME, PS,
ME+PS are also shown (ZEUS 1993k)

8.3 Energy flow

In the quark parton model CQPM) the final hadronic state in DIS consists of a
jet of particles originating from the struck quark representing the current jet
and the particles produced by the proton remnant. Since the proton remnant is
assumed to carry very little transverse momentum, the transverse momentum
of the scattered electron is balanced by the current jet (fig. 82) . The direction 'Yh
of the current jet can be calculated from the energy and angle of the scattered
electron (eq. 5.6). QCD introduces substantial corrections to this simple picture.
The phase space between the current jet and the proton remnant is filled with
particles materializing from the emission of additional gluons and quarks
created by color transfer between the struck quark and the proton remnant.

The energy flow around the direction of the hypothetical struck quark was
found to be very revealing when confronting these ideas with the data from
ZEUS 1993e. The analysis was made with DIS events from a luminosity of 30
nb- 1. Figure 82 shows the energy flow as a function of the pseudorapidity
calculated from the calorimeter cell energies relative to the direction of the
struck quark,

~11 = Tlcell - Tlh

where T1h = -In tan (Yh/2). The events were required to have Q2 > 10 GeV2 and x
< 10.°. Cells with e < 100 (l1cell > 2.4) were removed to reduce the influence of
the proton remnant. Averaged over the event sample, the direction of the
struck quark is Yh ::::: 169 0 or T1h ::::: -2.4. In the QPM one expects the final state
hadrons coming from the struck quark to concentrate around 6.Tl = 0, and
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those from the proton remnant at large positive .6.11 (see sketch in fig. 82). The
energy flow observed for the data shows several striking features. There are
two peaks, one near .6.11 = 0, the other one at large 611 values. The peak at low
.6.11 values is shifted from the expectation of the QPM by about 0.5 rapidity units
in the positive direction to .6.11 :::; + 0.5. Furthermore, almost all energy appears
at positive .6.11 values, between the direction of Yh and the proton remnant.
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Fig. 82 Deep inelastic neutral current scattering at x < 10-3, Q2 > 10 GeV2:
the energy weighted pseudorapidity difference, ,111, measured with
the calorimeter w.r.t. the struck quark from the quark-parton
model (see sketch on top). The data (dots) are compared with QCD
models: (a) ME +PS (full histogram), ME (dashed-dotted), PS(W2)
(dashed), PSCQ 2) (dotted); (b) CDM + BGF (full), CDM (dashed),
PS(Q~(1 - x) (dotted); (c) HERWIG (full) without soft underlying
events (SUE) and including SUE (dashed); from ZEUS (1993e)
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Qualitatively, a continuous color flow producing a continuous energy flow
between the struck quark direction and the proton remnant at these low-x
values (i.e. high W values) is expected from QeD radiation when averaging
over many events. Also, if the struck quark radiates a gluon in the final state
the intermediate quark has a nonzero positive mass. Therefore, the
momentum fraction of the proton carried by the struck quark is larger than x,
calculated from the electron side (eq. 5.9), causing a shift towards positive ~"
values for the energy flow from the struck quark. Furthermore, initial state
radiation will emit particles close to the proton direction and 'Will therefore add
to the energy flow in this region. Several QeD models, ME + PS, CDM+ BGF
(i.e. adding the matrix element for BGF in the calculation) and HERWIG, are
found to give a quantitative description of the data.

9 Production of events with large rapidity gaps

The standard DIS events (see fig. 83) show energy deposition in the forward
region, presumably coming from the fragmentation of the proton remnant,
from initial state QeD radiation or from fragmentation of the struck quark.
ZEUS (I993g) has observed a class of events which have different
characteristics. In fig. 84 one of such events is displayed. It shows a well
identified electron from which a Q2 value 64 GeV2 is inferred. The special
feature of the event is the absence of enegry deposition in the forward direction:
the first significant deposition of energy is found at e > 900. The presence of
this new type of events in DIS was confirmed by HI (I993j,k).
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Fig. 83 Typical event of standard deep inelastic neutral scattering with 34
GeV observed in the forward calorimeter (FCAL) (from ZEUS)
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Fig. 84 (a) Schematic diagram describing particle production in DIS;
(b) same for diffractive dissociation in DIS. W is the c.m.. energy of

the y*p system and M, the invariant mass of the hadronic
system measured in the detector. N represents a proton or a
low-mass nucleon system.

(c) A DIS event at Q2 = 64 GeV2 with a large rapidity gap in the
ZEUS detector

9.1 Experimental results

In the ZEUS analysis (1993g) the effect was quantified by considering all DIS
events (total luminosity 24.7 nb-1) with Q2 > 10 GeV~. A calorimeter cluster
was defined as an isolated set of adjacent cells with summed energy above 400
MeV. The pseudorapidity of the cluster closest to the forward direction, i.e.
with the largest 11 value, was called llmax' The distribution of Tlmax for all DIS
events (fig. 85a) shows two groups of events, one concentrated at large Tlmax
values and a second one with Tlmax < 2. The standard Monte Carlo simulation
for DIS scattering (e.g. CDM) predicts the shaded distribution which does not
account at all for the number of events observed with l1max < 2. Figure 85b
shows that for these events Wand Tl are correlated, which is not observed for
the bulk of the events.
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Fig. 85 (a) Distribution for DIS events of the maximum rapidity llmax of a
calorimeter cluster in an event, for data (points) and Monte
Carlo events (shaded histogram)

(b) Correlation between the )'*p c.m. energy Wand Tlmax
(from ZEUS 1993gj ,1)

For the further study, events with l1max < 1.5 were denoted as events with a
large rapidity gap. An Tlmax of 1.5 corresponds to a rapidity gap of at least 2.8
units. The mass M of the hadronic system was calculated from the energies
detected in the cal orirneter cells. Denote by E H , PH and 8H th~ energy,
momentum and angle of the hadronic system. By comparing with sect. 5.1 one
finds:

cos eH = ~ Pzh / I ~ p- h I

EH - PH cos 8H = 2 Ee YOA

PH
2 sin28

H = ~A2 (1- YDA)

Mx = [E
H

2 _ PH2 ]1/2 (9.1)
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Large rapidity gap events have preferentially small M; values with typical
val~es.aroundTO GeV in disti!1ction to the 1vents with llmax > 1.5 (fig. 86a). Tl:e
M; distribution falls off rapidly, d'NzdM; .... (M x ) -n , n z 2 - 4, as shown In
fig. 87. For W > 150 GeV, acceptance corrections have little dependence on W.
For W > 150 GeV the contribution of large rapidity gap events to the total DIS
cross section is, within errors, constant with W (fig. 86b). The contributi~n of
the large rapidity gap events to the DIS cross section as a function of Q is,
within errors, also constant with Q2 ~fig. 88). It is worth noting that the data
reach Q2 values as high as 100 GeV . The events with llmax < 1.5 represent
5.4% of the total DIS events.
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Fig. 86 (a) Correlation between M; and W for events with llmax > 1.5
(crosses) and Tlmax < 1.5 (dots);

(b) Fraction of DIS events r with llmax < 1.5 as function ofW
from ZEUS (1993g)
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Fig. 88 Fraction of DIS events r with Tlmax < 1.5 as function of Q2 for two
x intervals (ZEUS 1993g)

The HI findings for large rapidity gap events in DIS are shown in fig. 89. The
maximum Tl value (11m x) for clusters measured in the calorimeter is 3.8. The
distribution of the difference in pseudorapidity between this value and the
closest cluster with> 400 MeV in an event, ~ 11 = 3.8 .. T\ ax' is given in fig. 89a.
A steep fall-off from zero up to ~ 11 ::::: 1.4 is followed by a ~ng tail extending up to
.111 = 6. Large rapidity gap events are defined to have 6 11 > 2 (l1max < 1.8); 6% of
the DIS events are found to have such a rapidity gap, while a Monte Carlo
simulation with LEPTO, which reproduces well the fall-off in the region of
small !J.11, predicts only 0.1% (see histogram in fig. 89a). The distribution of M;
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(fig. 88b) shows that small M; values are preferred; note, that the distribution
is uncorrected and detector acceptance is particularly important for M; < 4
GeV. The ratio of events with a large rapidity gap to all events does not depend
significantly on Q~ as shown in fig. 89c.

The results obtained by the two experiments on large rapidity gap events in DIS
are in good agreement. What is the origin of these events? The behavior of the
energy flow in the bulk of DIS events (previous section) suggests to attribute
the absence of energy flow over a large rapidity range to missing color flOWn
The near constancy of the percentage of large rapidity gap events with Q~

points to a leading twist contribution to the proton structure function or, in
other words, since the structure function F2 shows only logarithmic scaling
violations the process leading to large rapidity gap events appears to behave in
the same way.
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Fig.·89 (a) Distribution of the rapidity gap .111 for DIS events
(b) Effective mass of the visible hadronic system of events with ~T\ > 2
(c) Ratio RCQ2) of events with a rapidity gap ~11 > 2 over all DIS

events as function of Q~ (HI I993j,k)
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9.2 Large rapidity gaps by peripheral scattering

In soft processes large rapidity gaps can be produced by peripheral scattering
of hadrons. Consider two-body scattering a + b -> C + d sketched in fig. 90 in the
c.m. system. The square of the four - momentum transfer at particle momenta
Pa, Pb,·· large compared to their masses rna, mb,.. can be approximated by

t = (a - c)2 = - 2 Pa Pc (1 - cos e) (9.1)

where e is the scattering angle. Peripheral processes are character-ized by
small I t I values with negligible cross section for, say, I t I max> 1 GeV~. For
2PaPc » I t Imax this Iimits the scattering to small angles,

cos e > 1 - I t I max / (2 Pa Pc) (9.2)

and the rapidities Y of c and d to very large (small) values (see eq. 6.8):

Y c ::::: 0.5 In {[Pc (1 + cos e )] / [ Pc (1 - cos e )+ mc2/(2 Pc) ]}

> 0.5 In {4 Pc2 / [mc2 + I t Imax (Pc/Pa)]} (9.3)

The maximum (minimum) rapidities are

Ycmax ::; In 2 Pc/nlc ::; 0.5 In s/mc2

Ydm,n
- In 2 Pd/n1d ::; - 0.5 In s/md2 (9.4)

~ ~ .~
yffiffi 0 ymax
d c

d

ca

b

where s is the square of the c.m. energy. The minimum rapidity gap between c
and d is (fig. 90b):

~Y > 0.5 [In s/(mc2 + I t Imax) + In s/(md2 + I t I max) ]. (9.5)

rap.gap

Fig. 90 (a) Diagram for a + b -> C + d; (b) rapidity distributions of c, d

For the example of ~~ = 200 GeV, c being a proton, d having a mass of 5 GeV
and I t I max = 1 GeV the rapidity gap between c and d is ~Y = 9. Suppose d
decays into pions. Then for a standard pion mult.iplicity the pions populate
rapidities around the center value Yd with an rrns spread of about ± (1 - 2 )
units. The resulting rapidity gap between the proton and the pions from d is 6
to 7 units large. Peripherality and a c.m, energy which is large compared to
the particle masses produce a large rapidity gap.

For the case that a + b -> C + d proceeds via the exchange of a Regge pole R, the
energy dependence of the cross section is given by:



do/dt = fit) s2CXR(t) - 2 (9.6)

Here (XR(t) is the trajectory for R, aR(t) = aR(O) + a' t, at::::; 1 GeV-2. For the
pion trajectory the intercept an (0) = 0; for the rho trajectory up (0) = 0.5. The
resulting energy dependence of the forward cross section is

do/dt (t = 0) - s -2 for 1t exchange

- s -1 for rho exchange.

The implication is that cross sections for peripheral processes of this type,
which are characterized by the exchange of quantum numbers in the t channel
(e.g. isospin, charge, ..), decrease very fast with s.

There exists a special class of peripheral processes due to diffractive scattering
where no quantum numbers are exchanged and which show (almost) energy
independent cross sections (for a review of experimental data see e.g.
Goulianos 1983, 1990). They are described by the Regge trajectory of a
hypothetical particle, the pomeron,

apCt) == 1 + 0.5 t

which leads to do/dt (t = 0) =const as a function of s. Therefore, of the possible
Regge exchanges, only pomeron exchange has a chance to survive with a
significant cross section at high c.m. energies.

9.2 Discussion

The large rapidity gap events observed by ZEUS and HI in DIS are produced at
high y*p c.m. energies ( W' s up to 270 GeV) with large rates (5 - 20 % of the total
DIS events). It is therefore suggestive to attribute them to pomeron exchange
(fig. 91a). One must keep in mind, however, that in general diffractive
production has been studied in soft processes. The large rapidity gap events
observed by ZEUS in photoproduction (sect. 6.3) are an example of this. In
contrast, the events under discussion here from DIS are produced by hard
scattering at Q2 values above 10 GeV2 and up to 100 GeV2. The low - x data on
the proton structure function F 2 indicate two pieces which build up the total
virtual photon proton cross section at large Q2, one which is independent of the
total c.m. energy W, and one whose contribution increases with energy. It is
suggestive to associate the constant piece with the soft pomeron and the energy
dependent component (Lipatov term) with a hard pomeron.
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Fig. 91 Diagrams for pomeron exchange in DIS producing a system X plus
(a) a nucleon state N, (b) a proton, (c) a neutron plus a mesonic state
m via pion exchange, where m is a pion or a higher mass state
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The concept of the pomeron structure function was studied in terms of
perturbative QCD (Gribov, Levin and Ryskin 1983, Berger et a1. 1987, Bartels
and Ingelman 1990, Ryskin 1991, Levin and Wusthoff 1992, Nikolaev and
Zakharov 1992, Ingelman and Pryrtz 1993, Collins, Frankfurt and. Strikman
1993). It was suggested that the pomeron structure could be probed with a
virtual photon at HERA (Ingelman and Schlein 1985, Donnachie and
Landshoff 1987,1992, Streng 1987). Rapidity gaps as a means for detecting new
physics were discussed by Bjorken (1992).

On the basis of pp data from R608 (1985) taken at the CERN ISR Ingelman and
Schlein (1985) suggested that the pomeron may have a partonic structure.
Proton - proton collider data from the DAB collaboration (1988, 1992) gave strong
evidence for high transverse momentum jets in diffractively produced high
mass systems suggestive of the hard scattering from partons within the
pomeron. Observation of events with large rapidity gaps by PI> collisions were
reported recently also by DO (Forden 1993). A new study from UAB (UAB 1993,
Schlein 1993) suggests that the pomeron may have a superhard part with one
parton carrying almost all of the pomeron momentum in a significant fraction
of the events.

Deep inelastic electron proton scattering ~s well placed for unravelling the
properties of the pomeron. By keeping Q fixed and varying x the relative
contributions from the conjectured soft and hard pomerons can be changed.
The analysis of the Get) structure of the system X will tell us more about the
partonic structure of the pomeron. Important information can also be gained
from an analysis of the produced nucleon system N (fig. 91a). For a fraction of
the events one expects N to be just a proton (fig. 91b). The momentum of this
proton (Pf) will be almost equal to the momentum of the incoming proton
(Pbeam ),

Xpom = [Poeam - Pf] / Poeam = [Mx2 + Q2 ] / [W2 + Q2] - 0(10-2) (9.7)

where xpom is the momentum fraction of the proton carried by the pomeron.
Such protons can be detected in the Leading Proton Spectrometer (LPS) of the
ZEUS detector (sect. 3.2). Information from the LPS will provide another
signature for diffractive events.

Pomeron exchange can also occur as part of a multiperipheral process such as
depicted in fig. 9Ic where the incoming proton emits a virtual pion which
scatters on the pomeron emitted at the photon vertex. The contribution of a
pomeron - pion ladder to inelastic diffractive pO production by real photon
proton scattering was predicted to increase with photon energy E and to be
substantial at high energies (Wolf 1971). The cross section was calc~ated for yp
-> p? N + i 1t, i ~ 1, taking into account the diagrams of fig 92. The result is
shown in fig. 93 as a function of the photon energy, E):, assuming a stationary
proton: at E:;y =300 GeV (W = 24 GeV) the cross section amounts to about 5J.lb
which is - 5u% of the elastic pO cross section.

A subprocess of inelastic diffractive scattering is e p -> e X n 1t+ where X
results from diffraction dissociation of the virtual photon (analoguously to fig.
92b). In this case the neutron n carries almost the full momentum of the beam
proton and can be tagged with a calorimeter close to the proton beam as pointed
out by Levman and Furutani (1992). During the 1993 running ZEUS had a
prototype of a Forward Neutron Calorimeter (FNC) installed and found that
detection of these neutrons is feasible. A full FNC will complement the LPS
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information from protons on diffractive production.

Fig. 92 Diagrams for inelastic diffractive po photoproduction: (a) isobar
production by pomeron exchange; (b) and (c) double peripheral
scattering with pomeron and pion exchange
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Fig. 93 Cross sections for inelastic diffractive pO photoproduction via isobar
production (diagram (a) of fig 92) and double peripheral scattering
(diagrams (b) and (c) of fig. 92). The curves labelled 'total' show the
incoherent sum of all contributions (from Wolf 1971)



10 Concluding remarks

The experimental results presented in this report were extracted from data
obtained by HI and ZEUS during the 1992 running. The 1993 data which are
currently under study represent a twentyfold increase in luminosity and
promi§e a wealth of new information. They will allow, for instance, to increase
the Q range in NC scattering by ~n order of magnitude and to make a first
study of CC scattering at large Q . The search for exotic particles such as
leptoquarks and excited leptons and quarks will also benefit from the increased
statistics. The results reported from the 1992 data (HI 1993c, ZEUS 1993d) for
some species have already exceeded the sensitivity of previous searches.
Running in 1994 will presumably lead to a further tenfold increase in
luminosity. The large growth in event statistics will help to perform the studies
discussed here with much improved precision and will bring many more
channels in the reach of the two experiments.
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